Abstract-In the present work we show the important role of wrist movements for the avoidance of non-target objects (obstacles) in a psychological pick-and-place experiment. The results show that humans can adjust the position of their wrist as well as the angle between their underarm and their hand during a prehension movement relative to the position of a non-target object. This indicates that humans tend to grasp the target object from the side which is further away from the non-target object. Based on these results, a preliminary model is proposed to simulate the wrist movement with respect to the position of a non-target object. We introduce this model with regard to a possible application in human-robot interaction and to better understand human's collision avoidance mechanism.
I. INTRODUCTION
umans have the remarkable ability to flexibly adjust their arm and hand posture during grasping in order to avoid possible collisions with potential non-target objects. Jeannerod [1] proposed two independent visuomotor components in order to describe the transport of the hand (reach component) and the size of the grip (grasp component) during prehensile movements. Following this theory, many studies have shown that both components can be altered in the presence of a non-target object (see [2] [3] [4] [5] ). For example, the movement time of the hand is increased when a non-target object was present in the workspace [2] . This result shows that a grasping movement can be adjusted on-line in the presence of a non-target object. Moreover, Mark Mon-Williams et al. [3] observed that the movement time is dependent on the position of the non-target object when this object is positioned on the left or right side of the target object in the same horizontal and vertical distance. For example, when the non-target object was located on the right side of the target object, there was a large effect in movement time. In addition, it was shown that the hand adjustment is significantly different for different positions of the non-target object. It was also reported that there is a different deviation in the presence of non-target object [6] [7] . For example, in the experiment by Chapman and Goodale [7] , the non-target object was placed at both sides of the target object in different distances. They found that the hand's reaching trajectories has a significant systematic deviation which tended away from the nearer non-target object. This result shows that the reaching trajectories can be adjusted separately for different positions of a non-target object. A possible reason comes from Sabes and Jordan's experiment [6] where the direction of the non-target object in the workspace was varied. Participants were instructed to move their finger from the start point to the target point around the non-target object. This experiment reported that there is a minimum distance between the body and the non-target object [6] . The deviation of the hand's trajectories created a larger distance to the non-target object.
In the present work we will focus on the analysis of the wrist's movement and aim to find a movement strategy for collision avoidance in the presence of a non-target object in the workspace. Another goal of this paper is to model the grasping posture of the human in the presence of an obstacle. In the robotic field, obstacle avoidance is one of the key aspects in motion planning for robotic manipulation. The model of human's grasping posture could give us a better hint to understand how humans use their redundant degrees of freedom for collision avoidance. Gerben and J. Randall [8] found that human can predict which target object would be grasped by observing the height of movement trajectories in the reach component. Therefore, we assumed the model of the grasping posture can also be used by the robot to predict human's motion and integrate the prediction into its planning for a human-robot interaction related scenario.
The paper is organized as follows. The experimental setup and results are described in Section II. The discussion of the experimental results is presented in Section III. Finally the modeling of the human's grasping posture is discussed in Section IV.
II. EXPERIMENT

A. Experimental design
We designed an experiment to investigate the role of the wrist movement in collision avoidance with non-target objects. We assumed that the wrist movement could be altered for different positions of a non-target object in order to avoid the potential collision between the body and the non-target object. Since the reach and grasp components have significant kinematics changes in the presence of the non-target object, the wrist movements connect the reach and grasp components and should also be altered in the presence of non-target objects.
B. Method
Participants: Twelve volunteers participated in the experiment: 5 male and 7 female, aged between 23 and 27 years, mean age = 24.92, SEM = 0.38; mean height of shoulder (from sit position to shoulder) = 62.29cm, SEM = 1.52; mean length of upper arm (from shoulder to elbow) = 32.83, SEM = 0.61; mean length of underarm (from elbow to wrist) = 25.54, SEM = 0.49; the mean length of hand (from the tip of the middle finger to the wrist) = 18.61, SEM = 0.27. All participants were right-handed by self-report and were paid 8 Euro per hour for participation. All had normal or corrected-to-normal visual acuity and were naive with respect to the purpose of the study.
Apparatus:
Two standard drinking glasses of the same color and size were used (top glass diameter: 7.3cm; diameter of bottom base: 4.5cm, height: 12cm). One glass was used as the target object and the other one as the non-target object. Participants sat in front of a wooden table (width: 120 cm, depth: 75 cm, height 73 cm). Eight sensors were used to measure the respective finger-, hand-and arm movements: five sensors were attached to the finger nails of the participant's right hand, the sixth sensor was mounted at the wrist, the seventh sensor at the elbow and the eighth sensor at the shoulder. Sensor data were collected by a Polhemus Liberty magnetic motion tracker with six degrees of freedom (X, Y and Z coordinates, azimuth, elevation and roll and sampling rate is 240 Hz). Data acquisition, experimental control and data pre-processing were done with MATLAB 2006b, statistical analyses were performed with SPSS 17.
Procedure: Participants had to perform a pick-and-place task in two experimental blocks with different non-target object position conditions. The possible non-target object positions were defined in different horizontal and vertical distances to the position of the target object. Participants performed ten trials in each experimental condition. There was one non-target object (a glass) which could be placed at six locations expanding in various directions concentrically from the target pick position and three eccentricities (10cm, 15cm or 20cm) from the pick position 'S'. A trial started with the presentation of an acoustical go signal. Participants were instructed to pick the target object from the pick position 'S' and to transport it to the goal position 'Z' at a comfortable speed. A trial ended when the hand of the participant returned to the start position. After each trial, the experimenter put the target object back to the pick position 'S' and placed the non-target object at a new position. All experimental conditions were presented in a randomized order to avoid that participants could predict the upcoming experimental condition.
Statistical analysis and data processing: All sensor data were filtered off-line by using a fourth-order Butterworth filter that employed a low-pass cut-off frequency of 24 Hz. Movement trajectories were normalized by using spline interpolation. 2.55% of all trials were excluded due to errors in the experimental procedure. In addition, trials which did not satisfy the following definitions were also discarded from data analysis: (1) the grasping movement had to be started The target object was placed at location 'S'. The non-target object could be placed at one of the yellow locations. An instruction screen was placed in front of the participant. The coordination system was defined with reference to the front-left angle of the table, the x-axis to right, the y-axis towards depth and the z-axis towards height. one second after the presentation of the beep signal; (2) the overall grasping had to be completed six seconds after the movement start; (3) each segment of the movement had to be accomplished three seconds after the last segment had finished.
Data analysis concentrated on the kinematic parameters of the wrist joint in the first movement segment. The time point when the hand left the start position and the velocity exceeded 10cm/s was taken as movement onset. The movement from the movement onset to the time point when the hand touched the target object with the minimal movement velocity was defined as the first movement segment. In addition, we defined two angles and a maximal deviation to describe the movement of the wrist. The grip angle (GA) was defined as the angle between the thumb-index-axis and the horizontal reference line (cf. Fig. 2, left) . This angle shows the relation between the target object and the hand. The wrist angle (WA) was defined as the angle between the wrist-elbow-axis and the line which combined the wrist sensor and the middle point of the thumb-index-axis (cf. Fig. 2, right) . This angle can demonstrate the relation between hand and underarm. Movement path length was defined as the 3D distance sum of all measure points. The maximal deviation was defined as the maximal 3D distance between the actual movement trajectories and the ideal movement trajectories. The ideal movement trajectory is the straight line which combines the start-and end point of every movement trajectory. Because there were diverse movements (place movement through the non-target object from the left or right side) or grasp posture (e.g. grasping with overhand or underhand), the experimental conditions in which the non-target object was placed at the point RF1-3 and RM1-3 were not considered in this analysis. The factor obstacle location therefore contained the following four levels (cf. Fig.1 ): right back (45º to horizontal line) vs. left back (135º) vs. left middle (180º) vs. left front (225º). An ANOVA for the analysis of the kinematic parameters in the first movement segment was run with the within-subject factors obstacle location (as specified above) and obstacle eccentricity (near: 10cm vs. middle: 15cm vs. far: 20cm). The significance level was set to Į=0.05.
C. Results
--Grip angle and wrist angle at the pick position The grip angle at the pick position was significantly different for the various obstacle locations (main effect 'Location', F(3,33) = 44.530, p < 0.001), but not for various obstacle eccentricities (main effect 'Eccentricity', p > 0.05).
Simultaneously there was a remarkable interaction of both factors (F(6,66) = 33.779, p < 0.001). The grip angle was significantly larger when an obstacle was placed at the left front (65.967º, SEM = 4.175) than when an obstacle was placed at the left middle (59.821º, SEM = 3.729), the left back (56.000º, SEM = 3.056) or the right back (37.550º, SEM = 3.497). The change of the grip angle in the pick position with respect to different obstacle locations and eccentricities is shown in Fig.3a .
The wrist angle in the pick position was also significantly different only for the factor obstacle location (F(3,33) = 53.233, p < 0.001), but not for the factor obstacle eccentricity (p > 0.05). Again, there was a significant interaction of both factors (F(6,66) = 75.191, p < 0.001). The wrist angle was significantly larger with an obstacle at the right back (185.181º, SEM = 2.616) than with an obstacles at the left back (170.282º, SEM = 2.574), the left middle (166.934º, SEM = 2.876) and the left front (162.010º, SEM = 3.346). Fig.3b shows the change of the wrist angle in the pick position for different obstacle positions and eccentricities.
--Kinematics parameters The mean wrist path length in the first movement segment differed significantly for obstacles at various locations (F(3,33) = 29.731, p < 0.001) and eccentricities (F(2,22) = 5.893, p < 0.009); also the interaction of both factors reached significance (F(6,66) = 13.033, p < 0.001). Wrist movements were longer when an obstacle was placed at the left front (27.550cm, SEM = 0.918) than for an obstacle at the left middle (26.110cm, SEM = 0.793), the left back (25.441cm, SEM = 0.614) and the right back (23.300cm, SEM = 0.424). Additionally, the movement trajectories of the wrist were longer for obstacles at near eccentricities (25.983cm, SEM = 3a 3b The mean maximal deviation of the wrist in the first segment was also significantly different for obstacles at various locations (F(3,33) = 15.854, p < 0.001), but not for various eccentricities (p > 0.05). Simultaneously there was a significant interaction of both factors (F(6,66) = 6.804, p < 0.001). Wrist movements had a larger maximum deviation with an obstacle at the left front (4.363cm, SEM = 0.207) compared to the left middle (4.272cm, SEM = 0.206), the left back (4.229cm, SEM = 0.218) and the right back (3.497cm, SEM = 0.148). Movement trajectories of the wrist are shown in Figure 4 . Means of all parameters observed in the first movement segment are given in Table. 1.
III. DISCUSSION
Results showed that when humans are grasping an object, both grip angle and wrist angle at the pick position can be modified with respect to different obstacle positions. These results show that in the movement plan "collision avoidance" humans also take the grasping direction and the position of potential obstacles into account before they adjust their wrist joint. Humans grasp the farther sides of the target object in relation to the non-target object. These Results strengthen Willemijn and Jeroen's experimental discovery [9] . In their experiment, it is found that human adjusted the grasping direction with respect to the object's position. Our results proposed further that the grasping direction depends not only on the location of the target object, but also on the location of the non-target object. The specification of the wrist movement and the rotation of the wrist joint might be one of the human strategies to avoid the potential collision between the arm and a possible non-target object.
Results showed that the mean path length of the wrist movement was significantly affected by the location of the non-target, distracting object. Both the horizontal and the vertical distance from the target object were taken into account. However, the maximum deviation of the wrist movement differed only for the vertical obstacle position and not for the (horizontal) obstacle eccentricity. The analysis showed that the increase of the mean movement path was due to the rotation of the wrist joint. Moreover, the analysis of the maximum deviation of the movement trajectories showed that the increase of path length was accompanied by a greater movement deviation of the wrist joint during the prehensile movement. Concerning the vertical distance from the target object, the mean path lengths numerically differ, but there was no significant, that is, systematic deviation. This may be due to the fact that the rotation of the wrist joint depended on the obstacle's relative position and was flexibly chosen for various conditions. For example, with an obstacle at the right back, the rotation of the wrist was counterclockwise with increasing eccentricity, while for an obstacle at the left front the rotation of the wrist was clockwise. These results show that the flexibility of the wrist movement provides more possibilities to avoid possible collisions.
IV. HUMAN'S WRIST MOVEMENT MODEL
In this section, the model of the human's wrist movement is proposed which could help us to understand better the collision avoidance mechanism in the human. Many strategies have been proposed for the collision avoidance in robotics, for example the potential function based approach [10] . Thus, one interesting question is how humans use their redundant degrees of freedom for collision avoidance. Furthermore, the model of human's wrist movement can also be used to predict human's motion. The prediction can then be used in the robot's planning for a human-robot interaction scenario. In this paper, as a first step towards the modelling, the influence of the obstacle position in relation to the target object has been analyzed and a preliminary model is proposed. It is assumed that the coupling between the wrist angle and the grip angle is sufficiently small and can therefore be neglected. In order to model the grasping posture, we reconsider the changes of the posture as the eccentricity is increased while the obstacle location is fixed. Moreover, since the experiment is conducted for a limited number of obstacle eccentricities and locations, first the results are interpolated in order to have a smooth curve. The results are shown in Fig. 5a and Fig. 6a for the grip and wrist angle respectively. As can be observed from the figures, there is a limit for the obstacle eccentricity (d c = 15 cm) beyond which the wrist and grip angle did not change i.e. the non-target object did not affect the posture. Moreover, the changes of the grasping posture are reconsidered in a case in which the obstacle location was varied between 45º and 225º while the eccentricity was kept constant. The results are shown in Fig.  5b and in Fig. 6b for the grip and wrist angle respectively. As can be observed from Fig. 5b and Fig. 6b , if the obstacle eccentricity is larger than the limit i.e. d>d c , then there exists a limit for the obstacle location (ș c = 120º) in which the grasping posture does not change. Furthermore, as shown in Fig. 5a and Fig. 6a , depending on the obstacle location, i.e., on the left or on the right of the object, the trajectories will converge to different values even though the obstacle is far from the object, i.e., d>d c . This is possibly due to the flexibility of the grasping posture needed for the planning of the reaching movement by the human.
Based on these facts, the following model for the grasping posture and the wrist angle are proposed. As can be observed from Fig. 5a and Fig. 6a , for both cases, i.e. when the obstacle is on the right side (45º<ș<90º) and left side (90º<ș<225º), the wrist and grip angle can be approximated by an exponential function given by (1), (2) can also be used to model the grip and wrist angle w.r.t. the object location. Moreover, as can be seen from Fig. 5b and Fig. 6b when the eccentricity d<d c , A w (resp. A g ) is inversely proportional (resp. directly proportional) to the increase of location. Thus, from this relationship, the A w and Ag for every location can be computed. As can be observed from Fig. 5a and Fig. 6a , the decay rates of aw and ag are depending on the obstacle location. Using the model in (1) and (2), the grasping posture for a given obstacle position can be predicted. Next, we simulate the wrist movement based on the proposed model with parameters given in Table II . It can be observed from Fig.5 and Fig.6 that the proposed model could approximate the experimental wrist movement. Moreover, as can be observed from the model and the experimental data, humans use more of their wrist when there is an obstacle nearby than when it is far from their hand. This gives a preliminary result to understand how humans use their degrees of freedom for collision avoidance. In the future, the dynamics of the decay rate in (1) and (2) will be derived.
V. CONCLUSION In this paper, the important role of wrist movements for avoidance of a non-target object in a pick-and-place experiment is investigated. It is shown that humans adjust the position of their wrist and the angle between their underarm and hand relative to the position of a non-target object. Moreover, humans tend to grasp the target object from the side which is further from the non-target object. In addition, a preliminary model of the wrist movement is proposed which can be used to predict the human motion for a robotic control. It can also be observed from the model that humans use more of their wrist when there is an obstacle nearby. In the future, the coupling between the wrist and grip angle will be investigated in order to have a better model of the wrist movement. 
